Abstract-We demonstrate a low-loss terahertz waveguide Bragg grating (TWBG) fabricated using a plasmonic two-wire waveguide and a micromachined paper grating for potential applications in THz communications. Two TWBGs were fabricated with different periods and lengths and investigated experimentally. TWBG modal dispersion relations, modal loss, and field distributions were studied numerically. Additionally, low-loss and high-coupling efficiency operation of TWBGs was confirmed.
II. RESULTS

Fig. 1. Schematics of a THz waveguide Bragg grating.
The TWBGs were fabricated by laser cutting of slit arrays in a regular printing paper. Two batches of paper gratings are presented here with differing pitch size. One consists of 90 slits (cut through) that are ∼110 μm wide with a pitch of Λ=226 μm, and a total grating length ∼2.1 cm (see Fig. 2(a) ). The other one consists of 60 slits that are ∼190 μm wide with a pitch of Λ=385 μm (see Fig. 2(b) ). The separation between the two copper wires was D=900 μm, and the paper grating was positioned in the middle of the gap under a microscope. The wire radius is R=125 μm and paper thickness is H=100 μm. The TWBG transmission spectra were recorded using a THz-TDS setup. To increase the grating strength, the paper grating was inserted between the two copper wires (see Fig. 2(c) ).
In Fig. 3 (a), we present three experimentally measured traces of the THz electric field. One is a reference THz pulse registered without any waveguide. Second is a THz pulse after transmission through an empty 5 cm long two-wire waveguide. Third is a THz pulse after transmission through a 5 cm long two-wire waveguide with a 2 cm long paper grating inside. As expected, transmission through an empty two-wire waveguide does not significantly change the pulse shape, while transmission through a two-wire waveguide with a paper grating shows an enlarged pulse and a ringing effect. This allows us a direct estimate of the waveguide dispersion, which is less than 1 ps ⁄ (cm•THz). We believe that the modal dispersion can be greatly reduced by TWBG optimization via reduction of the space between the wires and using thinner paper gratings. 
. When a paper grating is inserted between the two wires, the TWBG bandwidth decreases to 0.1-0.87 THz (red curve) due to the additional material losses incurred in the paper grating, which are especially pronounced at higher frequencies. After normalization (Fig. 3(b) , bottom) a 4.6 GHz wide stop band (full-width at half-maximum) at ∼0.637 THz and ∼16 dB transmission loss in the middle of a stop band is observed (green curve), with a Q factor of 142. Numerical simulation with GratingMOD module from RSoft predicts the value of a stop band center frequency to be ∼0.635 THz, which is in good agreement with the experimental measurements. At this frequency, the TWBG modal RI is ∼1.05. We also note that the experimental insertion loss of a TWBG is only ∼4 dB in the vicinity of a stop band, while the insertion loss is much smaller (<1 dB) at lower frequencies of 0.1-0.5 THz. By modifying the grating period, we can place the stop band anywhere in the THz spectral range. Thus, by using a longer pitch of 385 μm (see Fig. 2(b) ), we have realized another grating with a 3.5 GHz wide stop band centered at a lower frequency of ∼0.369 THz, the Q factor of which is 105. As we can see from the normalized transmission spectrum presented in Fig. 4 , the insertion loss varies between 1-4 dB in the 0.2-0.5 THz range, while the stop band transmission loss is ∼14 dB. Numerically, GratingMOD predicts the modal RI ∼ 1.03 and the Bragg frequency of 0.378 THz, which is, again, in good agreement with experimental observations. 
SUMMARY
A low-loss TWBG was numerically investigated and experimentally demonstrated by using a plasmonic two-wire waveguide and a paper grating inserted between the two wires. The transmission spectrum of the TWBG with 90 periods shows ∼16 dB transmission loss in the middle of a stop band centered at ∼0.37 THz, and an insertion loss of 1-4 dB in the whole 0.1-0.7 THz region. By adjusting the grating period, the position of the TWBG stop band can be changed at will. We demonstrated this by realizing another grating with a stop band centered at ∼0.37 THz and having a ∼14 dB transmission dip. We believe that the presented low-loss, high-couplingefficiency grating design can pave the way for the development of novel low-loss signal-processing components for demanding THz communication and sensing applications.
